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Abstract Nanocrystalline Ni-substituted Zn ferrites with 
compositions of Ni x Zn 1 _ x Fe 2 0 4 (x = 0-1.0) were syn¬ 
thesized by sol-gel auto-combustion method using metal 
nitrate as the reactants. Diethanolamine was selected as the 
fuel instead of conventional fuels such as urea, citric acid, 
tartaric acid or glycine. Characterization of after-calcined 
ferrite samples were conducted in terms of crystal struc¬ 
ture, molecular vibrations, morphology and magnetic 
properties through X-ray diffraction, Fourier transform 
infrared spectroscopy, scanning electron microscope and 
vibrating sample magnetometer analysis, respectively. The 
photocatalytic activities of these ferrites were studied in 
term of degradation of Rhodamine B under daylight-irra¬ 
diation. The corresponding results indicate that nickel 
loading content has significant effect on physical, mag¬ 
netic, optical and photocatalytic properties of the ferrite. 
Comparing to the undoped Zn ferrite, Nio.6Zno.4Fe 2 0 4 
shows the enhancement in photocatalytic activity accom¬ 
panying the degradation of Rhodamine B aqueous solution 
up to 77 % within 4 h. The result suggests the feasibility of 
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this material as potential sunlight-activated photocatalyst 
in wastewater treatment and environment cleaning 
applications. 

Keywords Ferrites • Sol-gel auto-combustion • 
Diethanolamine • Photocatalyst 

1 Introduction 

Nickel Zinc ferrite is one of the most important ferrites 
which has an inverse spinel cubic crystal structure [1]. It is 
one kind of ferrimagnetic materials which present ferri- 
magnetism initiated from the magnetic moment of anti¬ 
parallel spins between Fe 3+ ions at tetrahedral sites (A 
sites) and Ni 2+ ions at octahedral sites (B sites) [1]. The 
general formula of ferrite is AB 2 0 4 , where A is the divalent 
ion such as Ni 2+ , Zn 2+ , Mg 2+ , Fe 2+ , Mn 2+ or Co 2+ and B 
is Fe 3+ which can be replaced by the other trivalent ions 
such as Al 3+ , Co 3+ or Cr 3+ [2]. This is very important raw 
material for various manufacturing applications due to its 
multipurpose and outstanding properties such as high 
resistivity, high dielectric, high initial permeability, high 
saturation magnetization, thermal stability, low eddy cur¬ 
rent losses, super paramagnetic phenomenon and flexible 
configuration [3-10]. It has been widely used in electron¬ 
ical devices, computer devices, transportation, communi¬ 
cation, military munitions, space exploration and even 
medication [10-14]. In addition, there are a number of 
research reports that took the potential of ferrites to remove 
wasted dyes in polluted water from industries [15]. It is 
typically notified that microstructure, magnetic and elec¬ 
trical properties of ferrites are highly sensitive to compo¬ 
sition, additive, grain size, impurities and the arrangement 
[16]. 
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There are many attempts to synthesize nanocrystalline 
ferrites by various techniques such as chemical co-precip- 
itation process, mechanical alloying, hydrothermal method, 
microwave hydrothermal synthesis, sol-gel method, 
microwave-assisted combustion and reverse micelle tech¬ 
nique [5, 9, 17-21]. Chemical co-precipitation gives very 
small particle and symmetric shape but this technique not 
suitable for large-scale product [22]. Mechanical alloying 
is allowed to synthesize a lot of product but it is somewhat 
time consuming process [8, 17]. Hydrothermal and 
microwave hydrothermal synthesis generally provide high 
performance but use advanced instrument [23]. Sol-gel 
method is a simple technique but take rather long time [24] . 
Among those complicated means, there is a rather simple 
technique called sol-gel auto-combustion which has con¬ 
siderable advantages such as simple procedure, rapidity, 
cheap precursors, low external power use and high purity 
products [4, 25]. This method has been employed to syn¬ 
thesize various kinds of materials such as ferrites, con¬ 
ductive oxide nanoparticles, composites, electrolyte for 
solid oxide fuel cells, cathode material for batteries and 
photocatalyst [26-31]. There have been recently a number 
of reports focusing on the combustion synthesis of NiZn 
ferrite by using urea, citric acid, glycine and tartaric acid as 
the fuel [13, 32-34]. Diethanolamine (DEA) is an organic 
compound with the chemical formula C 4 H n N0 2 . It is both 
the solid and liquid state which is very soluble in water and 
ethanol with colorless and a mild ammonia odor. Dietha¬ 
nolamine is inexpensive and widely used as the solvent, 
adhesive, dispersant, surfactant, corrosion inhibitor and 
emulsifiers in the petroleum, natural gas, lubricant, textile, 
paint, paper, agriculture, cosmetics, soap and shampoo 
manufacturing. Moreover, it is the essential substance for 
thin films preparation to improve clarity, stability and 
homogeneity. In terms of thermochemistry, diethanolamine 
is one of the potential fuels because of its greater heat of 
combustion comparing to other conventional fuel. The heat 
of combustion of DEA is —6.00 kcal/g meanwhile the 
favored fuels such as citric acid, urea or glycine are only — 
2.76, —2.98 and —3.24 kcal/g, respectively [35-37]. Based 
on this propose, our main goal in this work is to utilize 
DEA as a substitutional fuel for synthesizing Ni-substituted 
Zn ferrites by sol-gel auto-combustion method with basic 
device and simple procedure that can reduce the synthe¬ 
sized time and remain the spinel structure characteristics. 

2 Experimental 

2.1 Materials 

Nickel (II) nitrate hexahydrate [Ni(N0 3 ) 2 -6H 2 0] (>99 %, 
BDH), zinc (II) nitrate hexahydrate [Zn(N0 3 ) 2 -6H 2 0] 


(98 %, Ajax) and iron (III) nitrate nonahydrate 
(Fe(N0 3 ) 3 -9H 2 0) (98 %, Ajax) were used as starting 
materials. Absolute ethanol (C 2 H 5 OH) (99.9 %, RCI) were 
used as the solvent and polyvinyl alcohol [(C 2 H 4 0) n , PVA] 
(89 %, Sigma-Aldrich) were used as a binder. Diethanol¬ 
amine [(HOCH 2 CH 2 ) 2 NH, DEA] (>96 %, Fluka) was 
selected as the fuel. All chemicals in the study were ana¬ 
lytical reagent grade and used without further purification. 

2.2 Preparation of Ni-substituted Zn ferrites 

For the synthesis of nanocrystalline Ni-substituted Zn fer¬ 
rites with compositions of Ni x Zn!_ x Fe 2 0 4 , stoichiometric 
quantities of metal nitrates were dissolved in absolute 
ethanol to form 0.25 M precursor solution. The solution 
was prepared with various Ni composition (x = 0.0-1.0). 
DEA was added as the fuel into a solution with the 
equivalence ratio (® e ) of the redox mixture. The mixed 
solution was vigorously stirred at 200 °C using a magnetic 
stirrer. After 40 min, the mixture obviously changed into a 
viscous gel and auto-combusted for 5 s until dark-brown 
powders were obtained (Fig. 1). The obtained product was 
completely dry therefore it was not necessary to heat in an 
oven to remove the moisture which is required for regular 
sol-gel method [38]. A portion of as-synthesized powders 
were granulated using PVA as a binder and were uniaxial 
pressed at a pressure of 3 ton/cm 2 to form pellets. After 
that, both of as-synthesized powders and green body pellets 
were gradually heated to 550 °C for 1 h at the rate of about 
10 °C/min to remove the binder materials. Finally, the 
temperature was raised to sintering temperature of 1,000 °C 
and kept at this temperature for 4 h. 

2.3 Characterizations 

The crystal structure and phase identification of sintered 
ferrite ceramic samples was performed by X-ray diffraction 
(XRD, PANalytical X’Pert PRO MPD model pw 3040/60) 

o 

using CuK a irradiation (2 = 1.54 A) in the 2(9 range of 
20° to 80° at a scanning rate of 0.04° s _1 . The chemical 
properties of after-calcined ferrite powders were investi¬ 
gated by Fourier transform infrared spectroscopy (FTIR) at 
the range of 400-800 cm -1 in the transmittance mode. The 
micro structures and morphologies of this compound were 
observed by scanning electron microscope (SEM, JEOE 
JEM-6510) and field-emission scanning electron micro¬ 
scope (FE-SEM, Hitachi S-4700) operated at an acceleration 
voltage of 20 kV. The magnetic properties of sintered 
ceramic samples were examined at a room temperature using 
the vibrating sample magnetometer (VSM) in an operating 
range of ±8 kOe. The specific surface areas were measured 
and calculated according to the Brunauer-Emmett- 
Teller (BET) method. The optical absorption spectra were 
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carried out by the UV-vis spectrophotometer to determine 
the band gap of ferrites. 

2.4 Photocatalytic activity of Ni-substituted Zn ferrites 
and RhB degradation experiments 

The photocatalytic activities of the ferrites were studied by 
the degradation of Rhodamine B (RhB) under daylight- 
irradiation. Ni-substituted Zn ferrite ceramic pellet with 
difference of nickel concentration was put into a glass 
bottle which contains 25 ml of Rhodamine B solution. The 
weight of each of ceramic pellet is approximately 0.4 g and 
the initial concentration of Rhodamine B solution is 
3 pmol/L. Then, those bottles were placed out of doors 
under daylight-irradiation without any stirring. After 
approximately 3 h, each ferrite pellet was taken out from 
the bottles and the absorption of each RhB solution 
was measured by the UV-vis spectrophotometer (Thermo 
Electron Helios Gamma) to investigate the RhB concen¬ 
tration in the remaining solutions. After that, the specific 
concentration of Ni-substituted Zn ferrite ceramic pellet 
which give the best degradation of RhB result was selected 
for further RhB degradation experiment by time variation. 
The specific ferrite pellet was put into a glass bottle which 
contained 25 ml of RhB solution with initial concentration 
of 2 pmol/L and laid down under the daylight-irradiation 
without any stirring from 0 to 5 h. Finally, the concentra¬ 
tions of remaining RhB in each time-varying solution were 
determined with the UV-vis spectrophotometer in the 
wavelength 450-650 nm. The degradation percentage was 
calculated from the decrease of maximum absorption peak 
of RhB solution at 552-553 nm. 


3 Results and discussion 

3.1 The features of Ni-substituted Zn ferrites 

The photographs of Ni-substituted Zn ferrites are shown in 
Fig. 2. It can be observed that the after-calcined powders 
(Fig. 2b) were distinctly visible in more fine-grained fea¬ 
ture than as-synthesized powders (Fig. 2a). After the press 
and sintering, the sintered ferrite ceramic samples (Fig. 2c) 
show the compact appearance with smooth surface. In 
addition, it is noticed that the color of as-synthesized 
powders, after-calcined powders and sintered ceramic 
samples are darker with increasing nickel composition. 

3.2 X-ray diffraction analysis 

Figure 3 shows the X-ray diffraction patterns of ceramic 
ferrite Ni x Zn!_ x Fe 2 0 4 (x = 0-1.0) sintered at 1,000 °C for 

4 h. It is evidently noticed that there are not any strange 
diffraction peaks such as NiO, ZnO or Fe 2 0 3 in all samples 
but merely the existence of main peaks at 30.2°, 35.5°, 
37.1°, 43.1°, 53.4°, 56.9°, 62.4°, 70.8°, 73.8° and 78.9°, 
which attribute to the (220), (311), (222), (400), (422), 
(511), (440), (620), (533) and (444) planes, respectively. 
These features ensure the formation of NiZn ferrite with 
single phase spinel cubic crystal structure, which is con¬ 
sistent with previous works [4, 19, 20, 39]. As Ni content 
increases, the X-ray diffraction patterns noticeably show 
slight shift in peak position due to the presence of Ni that 
may cause the formation of a solid solution in the ferrites. 
In addition, the sharp and intense diffraction peaks indicate 
that as-synthesized ferrite powders have good crystallinity. 
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X = 0 X = 0.2 X = (U X = 0*6 X = 0,8 X = 1.0 


Fig. 2 Photographs of a as-synthesized Ni x Zn 1 _ x Fe 2 04 powders, b after-calcined Ni x Zn 1 _ x Fe 2 04 powders and c Ni x Zn 1 _ x Fe 2 0 4 sintered 
ceramic samples 


The crystallite size ( D ) of each composition for after- 
calcined ferrite samples was calculated from the full width 
at half-maximum (FWHM) of the strongest diffraction 
peak (311) using the Scherrer’s equation (1), where D is 
crystallite size, X is wavelength of X-ray source 
(CuX a = 1.54 A), p is FWHM of the (311) diffraction peak 
and 0 is the position of diffraction angle. In addition, 
interplanar distance ( d ), lattice parameter (a) and x-ray 
density (p x . ray ) of after-calcined ferrite samples were 
evaluated by Eqs. (2), (3) and (4), respectively, (hkl) is 
Miller plane, M is the molecular weight of each samples 
and A is Avogadro’s constant (6.022 x 10 23 mol -1 ). All of 
the calculated results are listed in the Table 1. 


0.92 
/icos 6 


dhki 


X 

2sin0 


(1) 

( 2 ) 


a — dhki {h 2 + k 2 + / 2 ) 2 (3) 

_ 8M 

Px ~ ray ~ 

From Table 1, the smallest crystallite size ( D ) is found 
in Nio. 5 Zno. 5 Fe 2 0 4 powders and the average crystallite size 
of all samples is approximately 40 nm. The interplanar 
distance and lattice parameter tend to decrease with 
increasing of nickel concentration meanwhile the X-ray 
density has the discontinuous values. These calculation 
results are in concordance to the other work [22, 34]. When 
the ferrite was doped with Ni 2+ ion, its lattice parameter 
slightly decreases from 8.370 to 8.292 A. This result is 
comprehensively considered that the replacement of larger 
Zn 2+ (0.74 A) ion by Fe 3+ ions with smaller ionic radius of 
0.64 A at tetrahedral sites. Those Fe ions are pushed 
from the octahedral sites by the incremental Ni 2+ ions, 
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Fig. 3 XRD patterns of Ni x Zn 1 _ x Fe 2 04 sintered ceramic samples 



Fig. 4 FTIR spectra of after-calcined (a) ZnFe 2 0 4 , ( b ) Ni 0 . 5 Zn 0 .5 
Fe 2 Q 4 and (c) NiFe 2 Q 4 powders 


Table 1 Crystallite size (D), interplanar distance ( d ), lattice param¬ 
eter (a) and X-ray density ( p x . my ) of the Ni x Zn ,_ x Fe 2 0 4 sintered 
ceramic samples 


Compound 

X 

D (nm) 

d( A) 

a (A) 

Px-ray (g/cm 3 ) 

ZnFe 2 0 4 

0 

42.41 

2.524 

8.370 

5.462 

Nio.iZn 0 .9Fe 2 0 4 

0.1 

37.32 

2.523 

8.369 

5.449 

Nio. 2 Zn 0 8 Fe 2 0 4 

0.2 

41.77 

2.517 

8.348 

5.476 

Nio. 3 Zno. 7 Fe 2 0 4 

0.3 

39.34 

2.514 

8.338 

5.478 

Ni 0 . 4 Zn 0 . 6 Fe 2 O 4 

0.4 

40.14 

2.516 

8.344 

5.451 

Nio. 5 Zno. 5 Fe 2 0 4 

0.5 

34.54 

2.503 

8.302 

5.520 

Ni 0 . 6 Zn 0 . 4 Fe 2 O 4 

0.6 

39.49 

2.507 

8.313 

5.481 

Nio.7Zn 0 .3Fe 2 0 4 

0.7 

40.56 

2.507 

8.315 

5.462 

Nio.8Zn 0 . 2 Fe 2 0 4 

0.8 

42.20 

2.495 

8.275 

5.527 

Nio.9Zno.iFe 2 0 4 

0.9 

43.31 

2.501 

8.293 

5.475 

NiFe 2 Q 4 

1.0 

42.56 

2.500 

8.292 

5.461 


reflecting the increase in Ni substitution content conse¬ 
quently results to lattice shrinkage [40]. 

3.3 FT-IR analysis 

In order to confirm the constitution of the spinel structure 
and to understand the chemical characteristics of ferrite, 
the Fourier transform infrared (FTIR) spectroscopy of 
after-calcined Ni-substituted Zn ferrite powders were per¬ 
formed in the wavenumber range 400-800 cm 1 in trans¬ 
mittance mode at room temperature. The results from FTIR 
measurement for the after-calcined Ni x Zn!_ x Fe 2 0 4 (x = 0, 
0.5 and 1.0) powders are exhibited in Fig. 4. For all ferrite 
materials, there are two main absorption bands in the 400 
and 550 cm -1 range which are attributable to the formation 
of the spinel phase [8, 41]. A noticeable absorption band at 


about 400-450 cm -1 ascribes to the stretch mode of Fe 3+ - 
0 2 ~ in the octahedral sites. The intensity of this band 
decreases when the Ni 2+ ions are added into the spinel 
structure (Fig. 4c). This effect can be explained from the 
fact that the increasing Ni 2+ ions could replace some of 
Fe 3+ ions in the octahedral sites and push them to tetra¬ 
hedral sites, leading to significant change in the absorption 
efficiency [42]. Moreover, the increment of nickel con¬ 
centration caused the appearance of a new band located at 
470 cm -1 in both of Nio.5Zno.5Fe 2 0 4 (Fig. 4b) and 
NiFe 2 0 4 (Fig. 4c) ferrite [43]. The next absorption band 
situated between 530 and 580 cm 1 corresponds to the 
stretching vibration of Fe -O - and Zn -O ~ in the 
tetrahedral sites. When Zn ferrites are doped with Ni, 
the absorption band at around 580 cm -1 increases due to 
some Fe 3+ ions are pushed by the additional Ni 2+ ions in 
the octahedral sites and accumulate with the original Fe 3+ 
ions in the tetrahedral resulting to the elevated absorption 
efficiency. On the other hand, the decrease of absorption 
band at about 530 cm -1 may be explained that Zn 2+ ions 
in the tetrahedral sites are subsided and bear upon the 
absorption efficiency [44]. In addition, comparing with Zn 
ferrite sample, it is observable that the wave number of all 
Ni-doped ferrite samples noticeably shifts to higher value. 
This occurrence may arise from the fact that Ni has greater 
ionic radius (0.69 A) than Fe 3+ ion (0.64 A). As Ni con¬ 
centration increases, it is able to drive Fe 3+ ion to tetra¬ 
hedral site. Moreover, the length of Fe-0 bond will change 
and bear upon the absorption efficiency [34]. Furthermore, 
the existence of additional absorption bands is noticeable at 
around 650-800 cm -1 , which are identified as the vibra¬ 
tions of some inorganic compound. This contaminant may 
originate from the incomplete reaction during combustion 
process. 
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3.4 Thermodynamics of combustion synthesis 

The Ni-substituted Zn ferrite is produced by the auto¬ 
combustion route using the thermochemical decomposition 
of the nitrate mixture. Nickel (II) nitrate hexahydrate, zinc 
(II) nitrate hexahydrate and iron (III) nitrate nonahydrate 
were used as the source of Ni, Zn and Fe, respectively. 
During heating, DEA can play a crucial role as abundant 
carbon (C) source and mix with nitrogen (N) to form the 
flash combustion gas for self-ignited process. Due to 
comparably great heat of combustion, DEA can efficiently 
provide sufficient thermal energies to the system and ini¬ 
tiate the reaction and crystallization processes with 
reducing time. The complete chemical reaction for the 
synthesis of Ni x Zni_ x Fe 2 0 4 powders (for example 
x = 0.5) with DEA could be possibly written in the fol¬ 
lowing equation: 

^Ni(N0 3 ) 2 + ^Zn(N0 3 ) 2 + 2Fe(N0 3 ) 3 + ^C 4 H u N0 2 

160 220 112 

—► Nio.5Zno.5Fe20 4 + ^-C0 2 + ^-H 2 0 + -^-N 2 

( 5 ) 

For the maximum combustion efficiency, the total 
oxidizing and reducing valencies of the oxidizer (O) and 
the fuel (F) should be balanced which is represented in 
term of the oxidizer-to-fuel ratio (® e = 1). In this work, all 
metal nitrates [M(N0 3 ) 2 , M = Ni, Zn] and iron (III) nitrate 
[Fe(N0 3 ) 3 ] act as oxidizers in ferrite (MFe 2 0 4 ) meanwhile 
diethanolamine [(HOCH 2 CH 2 ) 2 NH] acts as a fuel. In 
addition, the oxidizing and reducing valencies of C, H, O, 
N, Fe and M are —4, —1, 2, 0, —3 and —2, respectively [45]. 


various nickel content (.x = 0, 0.2, 0.5, 0.8 and 1.0) are 
shown by SEM images in Fig. 5a-e. After the calcinations, 
it is clearly seen that the ferrite powders possess finer 
uniform particle size with homogenous spherical shape and 
big pores. Even though the crystallite size of after-calcined 
powders are in the nano range, but the magneto-dipole 
interactions between the particles and the calcination at 
high temperature can consequently result the agglomera¬ 
tion and generate the secondary phase cluster that made 
their size greater than the estimated values from the X-ray 
diffraction data [46]. Moreover, it is noticed that the par¬ 
ticle size of ferrite powders slightly increases when the 
nickel concentration increases [47]. Figure 5f-h shows the 
high magnified SEM photographs of after-calcined 
Ni x Zn!_ x Fe 2 0 4 (.x = 0.6, 0.8 and 1.0) sintered ceramic 
samples. The noticeable change in their grain size is 
observed as the nickel composition increases. The average 
grain size of all samples is approximately 0.4 pm which 
slightly decreases when nickel concentration increases. In 
addition, the microstructures of Ni-substituted Zn ferrites 
show loose structure with more pores (Fig. 5h) [48]. 

3.6 VSM analysis 

The variation of magnetic hysteresis loop for all compo¬ 
sitions ofNi x Z ni _ x Fe 2 0 4 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) 
sintered ceramic samples were investigated by vibrating 
sample magnetometer (VSM) operated at room tempera¬ 
ture with an applied field of zb 8 kOe and the corre¬ 
sponding results are shown in Fig. 6. All of magnetization 
curves show a normal S-shape type which is a typical 
ferrimagnetism characteristic [49]. It is observed that the 


^ (n) total valencies of fuel 

= —- 

total valencies of oxidizer 


1 = 


(n)[(4C x -4) + (IN x 0) + (11H x -1) + (20 x 2)] 

[(1M x -2) + (2N x 0) + (60 x 2)] + [(2Fe x -3) + (6N x 0) + (180 x 2)] 


40 

n = — = 1.74 
23 


Thus, the molar ratio of metal nitrates and fuel (M 2+ : 
Fe 3+ :DEA) is 1:2:1.74 which provides the adequate heat 
for the maximum combustion process. 

3.5 SEM analysis 

The morphological characteristics and the microstructures 
of after-calcined Ni-substituted Zn ferrite powders with 
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magnetization increases as the nickel content increases up 
to x = 0.8 thereafter decreases with further increase in 
nickel composition up to x = 1.0. The plot of saturation 
magnetization (M s ) versus concentration of nickel shown 
in Fig. 7 indicates that the saturation magnetization 
increases sharply with the increasing x and reaches the 
maximum of 100.3 emu/g when x is 0.8 and then decreases 
to 69.7 emu/g as x is 1.0. Moreover, Fig. 7 illustrates an 
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Fig. 5 SEM photographs of 
after-calcined a ZnFe 2 0 4 , 
b Nio. 2 Zn 0 . 8 Fe 204 , 
c Ni 0 . 5 Zno. 5 Fe 2 04 , 
d Nio. 8 Zno. 2 Fe 2 0 4 and 
e NiFe 2 0 4 powders with 
FE-SEM photographs of 
f Ni 0 . 6 Zno. 4 Fe 2 04 , 
g Nio. 8 Zn 0 . 2 Fe 204 , h NiFe 2 04 
sintered ceramic samples 



increase in the coercivity from 0 to 91.8 Oe with increasing 
Ni concentration while the maximum value of the coer¬ 
civity is found for v is 1.0. The increase in saturation 
magnetization with increasing Ni content can be physically 
explained. When loading Ni content increases, Ni 2+ ions 
can effectively occupy octahedral (B) sites and some Fe 3+ 
ions have a tendency to go into the tetrahedral (A) sites and 
replace the Zn 2+ ions which has no magnetic moment. 
Every step of Ni 2+ substitution, an equal amount of Fe 3+ 
ions (5 Bohr magneton) from the B sites would increas¬ 
ingly transfer to replace the Zn 2+ ion sites. This result 
consequently leads to the unequal of the magnetic moment 
of Fe 3+ ions at A and B sites and generates the net mag¬ 
netic moment. In addition, each increasing of substituted 
Ni ions (2 Bohr magneton) would provide the net mag¬ 
netic moment from itself [34, 40]. In case of Zn ferrite 


(ZnFe 2 0 4 ), there are 8 Zn 2+ ions, 16 Fe 3+ ions and 32 O 2- 
ions in each unit cell. Because oxygen ions are the neutral 
ion in magnetism, they have not any effect to the magnetic 
properties of ferrite. Owing to Zn ferrite has the normal 
spinel structure, the 8 Zn 2+ ions are occupied all of 8 points 
in tetrahedral sites and 16 Fe 3+ ions are occupied all of 16 
points in octahedral sites but each half of them have spin in 
the opposite direction. For Zn 2+ ions, there has not any 
unpaired electron (or Bohr magneton) which generates the 
magnetic moment and the magnetic moments generated 
from Fe 3+ ions normally contradict each other, resulting to 
the disappearance of total Bohr magneton in each unit cell 
of ZnFe 2 0 4 . Meanwhile, in case of Ni 0 .8^n 0 2 Fe 2 0 4 , there 
are 6 Ni 2+ ions, 2 Zn 2+ ions and 16 Fe 3+ ions in each unit 
cell. It has an inverse spinel structure which 8 points in 
tetrahedral sites are occupied by 2 Zn 2+ ions and 6 Fe 3+ 
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Fig. 6 Magnetization behavior of Ni x Zn 1 _ x Fe 2 0 4 sintered ceramic Fig. 8 The UV-Vis absorption spectra for RhB solution (3 pmol/L) 
samples at room temperature in the presence of Ni x Zn!_ x Fe 20 4 sintered ceramic samples under 

daylight-irradiation for 3 h 



Concentration of Ne 

Fig. 7 Dependence of the saturation magnetization and coercivity of 
after-calcined Ni x Zn 1 _ x Fe 2 0 4 sintered ceramic samples with x values 


ions. The remain of 10 Fe 3+ ions and 6 Ni 2+ ions generally 
occupy 16 points of octahedral sites. The net magnetic 
moment are generated from the 4 Fe 3+ ions (each ions have 

5 Bohr magneton) accompanying the magnetic moment of 

6 Ni 2+ ions (each ions have 2 Bohr magneton). Therefore, 
total Bohr magneton in each unit cell for Nio.8Zno. 2 Fe 2 0 4 is 
32 Bohr magneton. Thus, the Nio.8Zno. 2 Fe 2 0 4 will have the 
higher net magnetization. However, when the nickel ions 
substitute all zinc ions, in case of NiFe 2 0 4 , there are 8 Ni 2+ 
ions and 16 Fe 3+ ions in each unit cell. With general 
inverse spinel structure, there are 8 points in tetrahedral 
sites occupied by 8 Fe 3+ ions and the remaining 8 Fe 3+ 
ions and 8 Ni 2+ ions would occupy 16 points of octahedral 
sites. The Fe 3+ ions in each lattice sites with opposite spin 
direction would contradict each other. As a result, the net 
Bohr magneton in each unit cell for NiFe 2 0 4 , which is 



Fig. 9 Photodegradation of RhB solution (3 pmol/L) in the presence 
of Ni x Zn 1 _ x Fe 2 0 4 sintered ceramic samples under daylight-irradia¬ 
tion for 3 h as the normalized concentration change versus nickel 
concentration 

resulted merely from the total magnetic moment of 8 Ni 2+ 
ions is 16 Bohr magneton. This primary explanation could 
be the suitable reason that Nio.8Zno. 2 Fe 2 0 4 typically has 
higher magnetization than Ni ferrite (NiFe 2 0 4 ) [1, 2, 49, 
50]. Moreover, the maximum coercive force for Ni-doped 
Zn ferrites is 91.8 Oe which is found in Ni ferrite 
(NiFe 2 0 4 ). It is presumably due to the alternation of par¬ 
ticle and grain size of ferrite sample generated before and 
after the nickel doping. Comparing to Ni 0 .6Zn 0 . 4 Fe 2 O 4 and 
Nio.8Zno. 2 Fe 2 0 4 (Fig. 5f, g), the smaller particle size and 
grain size of Ni ferrite (Fig. 5h) could have lower magnetic 
domains and domain walls, resulting to the higher energy 
consumption which is external magnetic field for demag¬ 
netization [51, 52]. 
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Fig. 10 Schematic of possible mechanism of a Zn ferrite and b Ni-doped Zn ferrite to produce OH and 0 2 for react with the contaminants 



hv (eV) hv (eV) 



hv (eV) 


hv (eV) 


Fig. 11 Plots of (ahv) 2 versus hv of a Nio.6Zno. 4 Fe 2 0 4 , b Nio.7Zno.3Fe 2 0 4 , c Ni 0 . 9 Zn 0 .iFe 2 O 4 and d NiFe 2 0 4 powders 


3.7 Photocatalytic activity 

Figure 8 shows the change in the absorption spectra of RhB 
solution after degradation with the Ni x Zn 1 _ x Fe 2 0 4 
(x = 0-1.0) sintered ceramic samples under the daylight- 
irradiation for 3 h without any stirring. It is found that there 
is the strongest absorbance peak of RhB solution at 553 nm 
which reduces rapidly [53]. It can be seen that the removal 
performance initially increases with increasing nickel 


composition and continually decreases with the exorbitant 
nickel concentration (Fig. 9). The great removal efficiency 
for RhB with nearly 62 % was performed by the sample 
with nickel concentration of 0.6. There are two possible 
reasons responsible for this feature. It can be noticed from 
Table 1 that, the group of smaller crystallite size is found 
in Nio. 3 Zno. 7 Fe 2 04 , Nio.5Zno. 5 Fe 2 0 4 and Ni 0 . 6 Zn 0 . 4 Fe 2 O 4 . 
This group exhibited better degradation efficiency com¬ 
paring to the larger crystal size group such as ZnFe 2 0 4 
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Table 2 Specific surface area (S BET ) of the Ni x Zni_ x Fe 2 0 4 powders 


Compound 

X 

^bet (m 2 g *) 

ZnFe 2 0 4 

0 

0.91 

Nio. 5 Zno. 5 Fe 2 0 4 

0.5 

1.11 

Nio.6Zn 0 . 4 Fe 2 0 4 

0.6 

3.25 

NiFe 2 Q 4 

1.0 

0.79 



(a) (b) (c) (d) 

Fig. 12 The photograph of RhB solution (3 pmol/L) in the presence 
of a reference, b Nio.iZn 0 . 9 Fe 2 04 , c Ni 0 . 6 Zn 04 Fe 2 0 4 and d Ni 0 . 8 Zn 0 , 2 
Fe 2 0 4 sintered ceramic samples after 3 h of daylight-irradiation 

(42.41 nm), Nio.9Zno.iFe 2 0 4 (43.31 nm) and NiFe 2 0 4 
(42.56 nm). Increasing surface areas of the samples due to 
reduction in particle size can provide greater active surface 
area, leading to the enhancement of photocatalytic effi¬ 
ciency [54]. Second reason could be attributable to the 
energy gaps of the ferrites. The energy gap of photocatalyst 
material typically determines the wavelength of light that 
can be absorbed leading to the generation of the electron- 
hole pairs which will react with water molecule, hydroxide 
ions and oxygen molecule to form hydroxyl radicals (OH 
and OH - ) and active oxygen species (0 2 - and HOO) as 
depicted in Fig. 10a. Both hydroxyl radicals and active 
oxygen species will hold and react with the organic 


compound to perform the complete oxidation process and 
make those contaminants unceasingly degenerated [54]. 
The possible mechanism of photocatalysis for Ni x Zn!_ x _ 
Fe 2 0 4 under daylight irradiation can be described by the 


following equations [55]: 

Ni x Zni_ x Fe 2 0 4 Ni x Zni_ x Fe 2 0 4 (f’c B + Kb) ( 6 ) 
h + + H 2 0 -> H + + OH (7) 

e + 0 2 —► 0 2 (8) 

0 2 “ + H + -> HOO (9) 

HOO + + H+ -► H 2 0 2 (10) 

H 2 0 2 + e~ —> OH + OH - (11) 

h + + OH - —> OH (12) 

RhB + {0 2 “, OH , OH“, HOO } 

—> C0 2 + H 2 0 + NOJ + NH 4 (13) 


The alteration in energy gap of ferrites has an effect on 
the daylight absorption efficiency (Fig. 10b). The lower 
energy gap can absorb higher wavelength spectrum which 
mainly found in the solar spectrum that reach the earth’s 
surface. Thus, the low energy gap ferrites can easily 
generate more electron-hole pairs with less time and 
contribute to the better degradation efficiency. It was 
reported that the energy gap of some ferrite such as 
NiFe 2 0 4 , ZnFe 2 0 4 and Ni 0 . 5 Zn 0 . 5 Fe 2 O 4 were found to be 
2.19, 1.92 and 1.87 eV, respectively [54, 56] with 
corresponding wavelength in middle sunlight up to 
663 nm, resulting an effectiveness of these ferrites under 
sunlight. From those unequal results, it might be concluded 
that the energy gap of Ni x Zn!_ x Fe 2 0 4 depends on the 
ratio between Ni ions and Zn ions in each ferrite 
composition. Figure 11 exhibits the band gaps of the 
ferrites which were calculated from their absorption 
spectra while Table 2 shows their specific BET surface 
areas. It can be observed from these additional results that the 
samples with better degradation (x = 0.5, 0.6 and 0.7) have 
lower band gap with higher surface areas than the others 
(x = 0,0.9 and 1.0). It is observable from Figs. 9 and 12 that 


Fig. 13 a The UV-Vis 
absorption spectra for RhB 
solution (2 pmol/L) in the 
presence of Ni 0 .6Zn 0 . 4 Fe 2 O 4 
sintered ceramic samples under 
daylight-irradiation with 
differing irradiation time, 
b normalized concentration 
change versus irradiation time 
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the photodegradation efficiency noticeably increases with 
increasing nickel concentration up to x = 0.6 thereafter 
decreases, that may due to the appropriate ratio between Ni 
ions and Zn ions in the ferrite that has low energy band gap 
and high active surface area reflecting to the superiority in 
RhB degradation efficiency. The degradation of RhB by 
Ni 0 .6^n 0 4 Fe 2 0 4 under sunlight as function of reaction time 
was carried out. The corresponding result in term of its 
absorption spectra is illustrated in Fig. 13a and the 
normalized RhB concentration versus illuminated time is 
shown in Fig. 13b. The photocatalytic activity of this ferrite 
is effective, accompanying the rapid decrease by 60 % from 
initial concentration after 1 h of illumination and thereafter 
gradual decrease. The degradation efficiency for RhB using 
this ferrite can reaches to 77 % within 4 h of reaction time 
under sunlight. 

4 Conclusions 

In this work, nanocrystalline Ni-substituted Zn ferrite sin¬ 
tered ceramic samples with different concentration of 
nickel were successfully synthesized from metal nitrates by 
sol-gel auto-combustion method using diethanolamine 
(DEA) as the fuel. The XRD results disclose the single¬ 
phase cubic spinel structure of these ferrites. The calcula¬ 
tion from diffraction data revealed that the crystallite size 
gradually decreased with the increase in Ni substitution 
when x < 0.5 and increased when x > 0.5 suggesting that 
the ferrite with general formula Ni 0 . 5 Zn 0 5 Fe 2 0 4 had the 
smallest crystallite size. The FTIR results strongly confirm 
the existence of spinel phase for this ferrite meanwhile 
SEM and FE-SEM micrographs present the aspect of both 
ferrite sintered ceramic samples and after-calcined ferrite 
powders which are in the form of assemblies of nanopar¬ 
ticles. The saturation magnetization increases with 
increasing nickel concentration and the maximum value at 
100.3 emu/g is reached when nickel concentration is 0.8 
but the maximum coercivity of 91.8 Oe is obtained for the 
ferrite with nickel concentration of 1.0. Moreover, the 
photocatalytic experiment shows that the best removal 
performance for Rhodamine B was found in Ni 0 .6^n 0 . 4 _ 
Fe 2 0 4 which increases up to 77 % in 4 h. This work 
acknowledges that the nanocrystalline Ni-substituted Zn 
ferrites with optimum properties modified by Ni content for 
multipurposed applications can be synthesized by facile 
process with the accompaniment of DEA as alternatively 
potential fuel. 
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